Pyridine nucleotide redox potential modulates cystic fibrosis transmembrane conductance regulator Cl- conductance by unknown
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C1- conductance of the apical membrane of airway epi- 
thelial cells has  properties of a passive diffusion mecha- 
nism but is decreased by inhibition of oxidative metabo- 
lism. Recent reports  that CAMP-dependent C1- 
conductance also requires ATP at the  intracellular do- 
mains of the cystic fibrosis transmembrane conductance 
regulator (CFTR) suggest that ATP concentration could 
mediate metabolic regulation of C1- conductance. How- 
ever, metabolic inhibitors affect processes other  than 
ATP free energy levels, including notably the metabolic 
pathways that  set  the redox potential of pyridine nucle- 
otides within the cell. We have investigated the possibil- 
ity that CFTR-mediated C1- conductance is affected by 
the  ratio of oxidized to reduced intracellular pyridine 
nucleotides. CFTR was expressed in airway and  heter- 
ologous cells and  studied  under whole  cell  voltage clamp 
conditions, which permitted  the  intracellular NAD(P)+/ 
NAD(P)H ratio  to be varied independently of  ATP con- 
centration.  In  three cell types expressing CFTR,  whole 
cell dialysis with reduced pyridine nucleotides inhib- 
ited activation of C1- currents by forskolin and 8-(4-chlo- 
ropheny1thio)-CAMP  (CPT-CAMP), whereas dialysis with 
oxidized pyridines increased both basal and stimulated 
CFTR-mediated C1- conductance. In cell-attached mem- 
brane patches, the open probability of 5-6-picosiemens 
C1- channels that had been activated by forskolin and 
CPT-CAMP was further  and reversibly increased by per- 
meant oxidants. Neither swelling-induced whole  cell K’ 
currents in CFTR-expressing  cells nor swelling-induced 
whole  cell C1- currents  in  multidrug resistance protein- 
expressing cells were affected by  NADPH. Pyridine 
nucleotide redox potential  had  little effect  on phospho- 
rylation of histone by protein kinase A. We conclude that 
CFTR C1- conductance function can be modulated by 
pyridine nucleotide redox potential. This  effect points to 
the existence of a mechanism or mechanisms by which 
cytosolic nucleotides other  than ATP can affect plasma 
membrane C1- conductance and may help explain how a 
passive ion conductance is linked to cellular energy me- 
tabolism. 
In a previous  study,  exposure of dog  bronchial  epithelium  to 
NaCN or hypoxia  inhibited  CAMP-dependent CI- conductance 
(1). Although  one  mechanism of this effect  could be  decreased 
protein phosphorylation caused by depletion of intracellular 
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ATP, we  reasoned that it  was  unlikely that hypoxia or NaCN 
could  drive  intracellular  ATP  concentrations below the K, for 
ATP of CAMP-dependent  protein  kinases of -3 (2 ) .  Recently, 
an  integral  membrane  protein  called CFTR’ has been  identi- 
fied as the C1- channel  underlying CAMP-activated apical  mem- 
brane C1- conductance of C1--secreting epithelia (3). The  pre- 
dicted  amino  acid  sequence of CFTR  placed i t  as a member of 
the ATP-binding  cassette  protein  superfamily (4). Other ATP- 
binding  cassette  proteins,  such as multidrug  resistance  (MDR) 
protein, bacterial permeases, and sterile-6, are solute trans- 
porters that hydrolyze ATP ( 5 ) .  Sequences contained within 
CFTR  are  highly  homologous  to  the  putative  nucleotide  binding 
folds of MDR protein (6) Recently, it was  reported that hydro- 
lyzable  nucleotides  were  required  to  support  CFTR C1- channel 
activity  in  excised  membrane  patches,  and the K,,, of ATP  for 
this  requirement  was 300 PM (7).  In  contrast,  in  human  sweat 
ducts,  CFTR-mediated C1- conductance  was  supported by ATP 
and  nonhydrolyzable  ATP  analogs,  with an  apparent K, esti- 
mated at several mM (8). The  results of these  studies  suggest 
that changes  in  the  intracellular  concentration of ATP could 
link  CAMP-dependent C1- conductance  to  metabolism  through 
a requirement of CFTR  for  intracellular ATP. 
Beyond  maintaining  ATP  levels, however, substrate  metabo- 
lism affects other intracellular conditions that influence di- 
verse  cellular  functions.  For  example,  inhibition of oxidative 
metabolism by NaCN  or  hypoxia  depletes  intracellular  ATP by 
preventing  the  transfer of electrons  extracted  from  metabolic 
substrates  to oxygen. This  results  in an increase  in  the  intra- 
cellular  ratio of reduced  to  oxidized  species of electron  carriers, 
including the pyridine nucleotides (9). This change in redox 
potential  is  transmitted  throughout the cell because of the  wide 
participation of pyridine  nucleotides as cosubstrates  in  enzy- 
matic  processes.  In  particular,  redox  potential  controls  protein- 
protein associations by affecting the formation of disulfide 
bonds (10). Ran  and  Benos (11) found that disulfide  bond for- 
mation  promoted by oxidizing  conditions  led  to  multichannel 
activity and greater conductance in reconstitution studies of 
epithelial  anion  channels.  Modulation f ion  channel  activity by 
intracellular  redox  potential has been  reported  in a number of 
cells (12,  13). 
The C1- conductance  function of CFTR has been well char- 
acterized  in  heterologous  expression  systems,  in  which nonpo- 
larized  cells  infected  with  viral  constructs  containing  recombi- 
nant human  CFTR cDNA respond to elevation of intracellular 
CAMP  with  increased C1- conductance (15-18). The  character- 
’ The abbreviations used are: CFTR, cystic fibrosis transmembrane 
conductance regulator; MDR, multidrug resistance; TES, N-tris(hy- 
droxymethyl)methyl-2-aminoethanesulfonic acid; CPT-CAMP, 8-(4-chlo- 
ropheny1thio)-CAMP;  DIDS, 4,4’-diisothiocyanatostilbene-2,2’-disulfo- 
nic acid; PMS, phenazine methosulfate; TBOH, tert-butyl hydroxide; 
NaMBS, sodium metabisulfite. 
8667 
This is an Open Access article under the CC BY license.
8668 Pyridine  Nucleotides  Modulate CFTR 
istics of this CAMP-dependent C1- conductance match those of 
single C1- channels activated by  CAMP in C1--secreting epithe- 
lia  (19,20).  In  the  present study, we measured CAMP-activated 
whole cell current  in CFTR-expressing cells with cytosolic ATP 
clamped at 3 mM while varying  the concentration of reduced 
and oxidized pyridine nucleotides. We also measured  the open 
probability of CFTR C1- channels  in cell-attached membrane 
patches  in  the presence of permeant oxidants and  reductants. 
Our results  demonstrate  that activation of the C1- conductance 
mediated by CFTR has a step  that is sensitive to  the redox 
status of pyridine nucleotides. 
MATERIALS AND METHODS 
Cells-Mouse NIH  3T3  fibroblasts  were  cultured by standard tech- 
niques in Dulbecco's modified Eagle's medium H + 10% fetal bovine 
serum  supplemented  with  penicillin  and  streptomycin.  The  origin  and 
culture of the  CFTl  epithelial cell line  have  been  reported  (21).  The 
construction  and  production of the  murine  amphotropic  retrovirus vec- 
tors LCFSN and LISN have been described previously (22). LCFSN 
contains  the  normal  human  CFTR cDNA under  transcriptional  control 
of the promoter  elements in  the  retrovirus  vector long terminal  repeat 
sequence  and  a neo' (neomycin resistance) gene under control of an  
internal SV40 promoter. LISN contains  the cDNA for the  a-subunit of 
the  interleukin-2  receptor  and  a neo' gene  and  was  used  to  generate 
control cells. 3T3  fibroblasts  and  CFTl cells were  infected  with  LCFSN 
or LISN. Drug-resistant clones were selected after growth in G418. 
Infected cells retained  CFTR-associated  properties beyond passage 20. 
For  the  studies  reported  here, cells of passages 10-16 were  subcultured 
onto  35-mm  plastic  dishes. Sf9 cells were grown in  Spinner  flasks  in 
Grace's medium  (23). Cells were  subcultured  onto  35-mm  plastic  dishes 
and exposed to a plaque  pure  baculovirus modified by replacement of 
the viral polyhedron gene with the human CFTR gene or with the 
p-galactosidase gene. Infected Sf9 cells were killed by viral infection 
within 48-72 h. High  levels of CFTR protein  were  expressed by 36  h by 
immunoblot  analysis.  Insect  cells  were  used for whole cell voltage  clamp 
within  24-40  h of infection.  T84  cells, a human colonic carcinoma cell 
line that expresses CFTR (241, were obtained from ATCC and  main- 
tained  in Dulbecco's modified Eagle's medium with high glucose (4.5 
gfliter) supplemented with 10% fetal bovine serum, penicillin, and 
streptomycin. 
Immunoblot  Analysis of CFTR Protein-CFTR protein  was  detected 
by the method of Sarkadi  et al. (25)  using  purified polyclonal rabbit 
antibodies  raised  against  synthetic  human CFTR peptides as described 
previously. 3T3  fibroblasts  and  CFTl  cells  were grown to confluence in 
plastic  flasks,  washed  with  phosphate-buffered  saline,  and  harvested by 
trypsinization. Sf9 cells were collected and  washed. Whole cell protein 
was  extracted by suspension of cells in  6% (w/v) trichloroacetic acid and 
collection of the  precipitate  as  a  pellet  (5,000 x g, 5 min).  The  pellet  was 
dissolved in sodium dodecyl sulfate  disaggregation  buffer  (50 m~ Tris 
phosphate  (pH  6.8), 2% (w/v)  sodium dodecyl sulfate, 15% (w/v) glycerol, 
2% (v/v)  p-mercaptoethanol, 1 mM EDTA, and 0.02% (w/v) bromphenol 
blue).  Electrophoresis of protein  samples  was  carried  out  using 4 1 5 %  
gradient  acrylamide  gels  (Bio-Rad).  Electroblotting of the  proteins  to 
polyvinylidene difluoride  membranes  (Bio-Rad)  was  carried  out as de- 
scribed  previously  (25). 
Patch  Clamp Techniques-Cells were  studied on the  stage of an in- 
verted microscope a t  22  "C by the  techniques of Hamill  et  al.  (26). For 
most whole cell studies, pipettes (2-6 megohms) were filled with an 
intracellular  buffer  with  the following composition, in  &iter:  Tridhy- 
droxymethy1)aminomethane gluconate,  100; Tris-Cl-, 40; MgCl,, 2;  and 
TES, 5 (pH 7.21, and MgATP, 3. Ca2+  activity  was  buffered to  approxi- 
mately 40 nM (1.0 mM EGTA and  0.1 m~ CaCl,; calculated  with  Chelator 
Software,  Th.  Schoenmakers).  Bath  solutions for mammalian  cells con- 
tained Tris-C1 or NaC1,150; MgCl,, 2; CaCl,, 1;  TES, 5; sucrose,  30;  and 
D-glucose, 10. Voltage was  clamped at  -40 mV and  stepped  to  60 mV 
every  10 s for 0.4 s. Whole cell current  voltage  plots  were  obtained from 
the  currents recorded in response  to a series of voltage  steps from zero, 
covering the  range -80-140 mV in 20-mV increments.  The ffect of I- on 
whole cell C1- currents  was  assessed  after  diluting  the  bath  solution 
with  150 mM NaI  extracellular buffer. For Sf9 cells the  bath  was  NaCl, 
132; CaCl,, 5; MgCl,, 4; TES,  10  (pH  6.7);  and glucose, 10. Cell-attached 
recordings  were  carried  out in  3T3  fibroblasts  expressing  CFTR. In this 
paradigm  the C1- concentration in  the  pipette  solution  was  either  155 
NaCl or a  combination of 40 mM Tris-C1 and  100 mM Tris gluconate. 
Chemicals-Intracellular CAMP was  raised by exposure  to  a combi- 
nation of 25 VM forskolin  (Sigma)  and  0.5 mM CPT-CAMP (Sigma).  The 
current  sensitive  to  the  stilbene  DIDS  was  defined  as  the  current  in- 
hibited by 0.5 m~ DIDS (Aldrich). Adenosine triphosphate, guanine 
triphosphate,  pyridine  nucleotides,  phenazine  methosulfate  (PMS), 
tert-butyl  hydroxide (TBOH), and  sodium  metabisulfite  (NaMBS)  were 
purchased from Sigma. 
Histone Phosphorylation-The effect of redox  reagents on the activity 
of protein  kinase  A  was  investigated by a modification of the  histone 
labeling  procedure  (27).  Purified  catalytic  subunit of protein  kinase  A 
(Promega)  was  used  to  phosphorylate  comparatively  type  IIA  histone 
(Sigma)  with [Y-~~PIATP  as  the phosphate donor. The  reaction  products 
were  trapped on phosphocellulose paper  and  y  emissions collected to 
quantitate  the  transfer of 32P t o  histone.  Control  reaction  buffer con- 
tained  protein  kinase  A  (150 ndliter), 3 mM [Y-~~PIATP, 1 mg/ml type 
IIA histone,  0.25 mg/ml bovine serum  albumin,  10 m~ MgCl,, 50 m~ 
TES  (pH  7.2). Test buffers  had the  same composition with  the  addition 
of 1 &iter of one of the following: NAD+, NADH, NADP+, NADPH. In 
the absence of protein kinase A, transfer of 32P to histone was not 
different from background  for  any  reaction  conditions. 
Statistical Analyses-Drug-induced changes in whole cell current 
and differences between means were assessed for statistical signifi- 
cance by paired  t  tests  (28). 
RESULTS 
Expression of CFTR protein in Sf9 (insect),  NIH  3T3  (mouse 
fibroblast), and  CFTl  (human cystic fibrosis airway  epithelia) 
cells was verified by Western blot analysis (Fig. lA). CFTR 
expressed in Sf9 cells infected with the baculovirus vector con- 
taining  the  human CFTR cDNA was detected as a 140-kDa 
band by Western blot analysis,  consistent with  previous reports 
that CFTR is not glycosylated in  these cells (25).  Protein ex- 
tracted from 3T3 and CFTl cells infected with the LCFSN 
vector contained  a  broad  immunoreactive band  in  the 155-175- 
kDa region, a staining  pattern expected of variably glycosyl- 
ated CFTR protein (291, and  similar  to  the  staining of protein 
extracted from T84 cells. Whole cell C1- currents  stimulated by 
a combination of forskolin (25 J ~ M )  and CPT-CAMP (0.5 mM) were 
measured as a functional assay of CFTR expression.  Experi- 
ments  that were carried  out  in Sf9 cells are  illustrated  in Fig. 
1B. Forskolin and CPT-CAMP caused no significant  change in 
basal  currents  in control Sf9 cells, including  uninfected cells 
and cells infected with  a  recombinant  baculovirus  containing 
the cDNA for P-galactosidase. Forskolin and CPT-CAMP stimu- 
lated  outward  currents at 60 mV in cells that  had been exposed 
to recombinant CFTR baculovirus. Stimulated  currents in 
CFTR-expressing cells were insensitive to DIDS (14)  but were 
inhibited by external I-  (Fig. 1B).  The  latter phenomenon was 
originally interpreted  as  an  apparent  greater selectivity for C1- 
over I- by CFTR (14)  but more recently as a block of anion 
permeation through CFTR C1- channels by concentrations of I- 
less than about 150 mM (30, 31). Summary current-voltage 
relationships of basal  and  stimulated  currents  carried  out  in 
CFTR-expressing and sham-infected Sf9 cells, 3T3  fibroblasts, 
and  CFTl cells are shown in Fig. 1C. C1- was the major  per- 
meant anion in our solutions, and  the cells were dialyzed with 
solution that contained no permeant cations. In each set of data 
the  stimulated  currents reversed near  the  reversal potential 
calculated from the C1- concentrations of pipette  and  bath SO- 
lution  and showed little voltage dependence. The  data  in Fig. 1 
demonstrate expression of CFTR protein and C1- conductance 
function in  three different  expression systems. 
Inhibition of oxidative metabolism, as employed in a previ- 
ous study (I), is expected to decrease intracellular ATP but  is 
also  predicted to  increase  the  ratio of reduced to oxidized pyr- 
idine  nucleotides (9). We took advantage of whole cell dialysis 
to clamp intracellular ATP at 3 mM. Protocols to  activate  and 
characterize CFTR-mediated C1- currents  (similar  to  that  in 
Fig. 1B) were then  carried  out with either 1.2 mM NADPH or 
0.3 mM NADP+ in  the  pipette solution. When insect, fibroblast, 
or airway cells that expressed CFTR were dialyzed with 
NADPH, resting C1- currents tended to be less than control, 
A. 
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FIG. 1. Expression of CFI'R in three cell types detected by  Western blot analysis and functional assay. Panel A, immunoblot of whole 
cell lysates of CFTR-expressing and control cells. Lane I ,  uninfected Sf9; lane 2, Sf9-CFTR lane 3, 3T3-LISN; lane 4, 3T3-LCFSN; lane 5, 
CFT1-LISN; lane 6 ,  CFT1-LCFSN; lane 7, TS4.  Each  lane  was loaded with 30 pg of cell protein. Panel B ,  typical experiments  in Sf9 cells to assess 
CFTR CI- conductance  function. Control indicates  uninfected. CFTR indicates -37-h exposure  to  baculovirus  containing  human CFTR cDNA. 
Clamp  voltage  was  held a t  -40 mV and pulsed  to 60 mV every  10 s for 0.4 s. The  broad  pulses  were recorded a t  higher  chart  speed to allow better 
resolution.  Current-voltage  relationships  were  obtained  after  each  high  resolution  pulse  recording.  Forskolin (25 p ~ ) ,  CPT-cAMP (0.5 mM), DIDS 
(0.5 mM), and I- (65 mM) were  present  beginning at the  times  indicated by arrows. Panel C,  current-voltage  relationships before and  during CAMP 
exposure. Control cells, basal (circles), and forskolin-exposed (souares) cells are compared with CFTR-expressing cells, basal (right side-up 
tri&gles) and  forskolin exposed (upside-down  triangles) bells. 
and  stimulation of current by forskolin and CPT-CAMP was 
decreased compared with CFTR-expressing cells studied with 
no pyridine  nucleotide in  the  pipette solution  (Fig.  2). In con- 
trast, both the  resting  and  stimulated  currents  in CFTR-ex- 
pressing cells dialyzed with NADP+ were greater  than  under 
control conditions. These effects of reduced and oxidized NADP 
on the CAMP-dependent C1- conductance  associated with CFTR 
expression  were found in Sf9 cells, in 3T3  fibroblasts, and in 
CFTl  airway  epithelial cells. NADP+/NADPH dialysis had no 
effect on currents recorded from uninfected cells (data not 
shown). 
We verified that  the elevated basal  currents  and  large re- 
sponses to CAMP in cells dialyzed with NADP' were mediated 
by CFTR. In  the  experiment  illustrated  in Fig. 3A, basal  out- 
ward (CI-) current stabilized a t  3 nA. Addition of forskolin and 
CPT-CAMP further increased current  to  nearly 5 nA. The cur- 
rent-voltage relationship for the large basal and stimulated 
currents were linear (Fig. 3, B and C )  and reversed near Ecl 
(Fig. 3 0 .  Exchanging 120 mM bath solution NaCl with NaI 
sharply inhibited CY current,  to a value well  below the non- 
stimulated  resting  current,  and decreased whole cell conduct- 
ance. The current-voltage relationship in the presence of I-  was 
depolarized (Fig. 3C), characteristic of the effect of external I- 
on CFTR-mediated anion conductance. In a series of experi- 
ments,  the inhibition of stimulated whole  cell conductance by 
75 mM I-  was larger  in cells dialyzed with 0.3 mM NADP' than 
in cells dialyzed with control pipette solution (Fig. 30), consist- 
ent with the  larger conductance in  the presence of oxidized 
NADP being mediated by CFTR. 
To explore the mechanism of inhibition of CFTR-mediated 
C1- conductance by NADPH, we compared the effects of 
Basal Stirn. Basal Stirn. Basal Stlm. 
FIG. 2. Effects of NADP on whole cell basal and cAMP-stimu- 
lated C1- conductance in CFTR-expressing cells. Left panel, nor- 
Middle panel, normal pipette solution with 1.2 mM NADPH in the 
mal  pipette  solution  with no pyridine nucleotide in  the  pipette  solution. 
pipette. Right panel, normal  pipette  solution  with  0.3 mM NADP+ in  the 
pipette.  CFTR-expressing cells: SfS-C!?TR (upside-down  triangles), 
CFT1-LCFSN (right  side-up  triangles), and 3T3-LCFSN (squares).  nS, 
nanosiemens. 
NADPH dialysis on forskolidCPT-CAMP-stimulated C1- con- 
ductance to the effects of NADH dialysis. As demonstrated 
above, CFTR-expressing cells dialyzed with NADPH typically 
responded to forskolin and CPT-CAMP with no changes in out- 
ward current (Fig. 4A) and whole  cell conductance (Fig. 4B ). In 
cells dialyzed with 1.2 mM NADH, forskolin and CPT-CAMP 
consistently induced increases in outward current (Fig. 4A) 
and conductance (Fig. 4B), but the forskolidCPT-CAMP-in- 
duced conductance (3.0 z 0.6 nanosiemens, n = 7) was signifi- 
cantly ( p  < 0.03) smaller  than  the response in control experi- 
ments (8.01 z 0.18 nanosiemens, n = 8). We reasoned that if the 
inhibition of CAMP-stimulated C1- conductance was caused by 
the reduced status of the pyridine nucleotide, then a maneuver 
to  shift  the redox ratio  to a more oxidized state should allow 
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LCFSN cells dialyzed with 0.3 mM NADP'. Panel A, peak  outward 
FIG.  3. Elevated  basal and CAMP-stimulated currents in 3T3 
C1- current  in  a cell dialyzed  with NADP+. The  holding  potential  was 
-40 mV. Every 10 s, the  clamp  potential  was  stepped  to 60 mV for 0.4 s. 
The  outward  current  is  recorded 0.1 s after  the  voltage  is  stepped  to 60 
mV. Forskolin  (25 p) and CPT-CAMP (0.5 mM) were  added at   the first 
arrow  and  maintained  throughout  the  experiment. At 300 s the  bath 
solution  was  changed  to one in which  120 mM NaCl  was  replaced by 120 
mM NaI.  Panel B, families of currents  measured  in  response to  voltage 
stepped from a  holding  potential of 0 mV to  a  range of voltage from -80 
to 140 mV in 20-mV increments.  Each  clamp  voltage  was  maintained for 
400 ms.  These  traces  were  obtained  during  the  experiment  shown  in 
panel  A at   the times  indicated by the dots (0) Fsk, forskolin.  Panel C, 
plots of current-voltage  data  displayed  in  panel B. Panel D ,  the change 
in whole cell conductance  induced by 75 mM I- in cells dialyzed with 
pipette  solution that contained no pyridine  nucleotides  (Control, n = 9) 
or  0.3 mM NADP+ ( n  = 8). *Different from control by unpaired t analysis 
( p  < 0.005). nS, nanosiemens. 
current to  increase. To test  this notion we added the cell-per- 
meant electron carrier PMS to  the  bath (2.5 mM). TBOH was 
included  (2.5 mM) to assure  that PMS  was fully oxidized. We 
expected oxidized PMS to  enter  the cell and oxidize a portion of 
cytosolic NADPH or NADH. Strikingly, the block of CAMP ac- 
tivation of current  in CFTR-expressing cells that were dialyzed 
by 1.2 mM NADPH was overcome by this  maneuver (Fig. 4, A 
and B ) .  The newly stimulated conductance had identifying 
characteristics of CAMP-dependent CFTR-mediated conduct- 
ance, including reversal of the current-voltage plot near  the 
predicted reversal potential of a pure C1- current (-25 uersus 
-33 mV, not  shown), resistance  to 0.5 mM DIDS, and inhibition 
by 75 mM I- (Fig. 4). In  the  same protocol, the inhibition of 
CAMP-dependent outward  current (Fig. 4A) and whole cell  con- 
ductance  (Fig. 4B) by 1.2 mM NADH was  not reversed by the 
PMSRBOH oxidant cocktail. PMS and TBOH had no effect on 
whole cell currents of cells not expressing CFTR (not shown). 
We extended the  study of how pyridine nucleotides affect 
CFTR function by measuring  the  current  and conductance in 
stimulated cells that were dialyzed with  regular  pipette solu- 
tion or with 0.3 mM NADP+ or NAD'.  We also tested  whether a 
cell-permeant  reducing agent (NaMBS) (32) would affect cur- 
rent  stimulated  in  the presence of oxidized pyridine  nucleotides 
in the pipette. The experiment in Fig. 5A is representative. 
Outward C1- current of a CFTR-expressing cell dialyzed with 
pipette solution that contained 0.3 mM NAD+ was  stimulated 
with forskolin and CPT-CAMP. NaMBS (3 m) reversed this 
stimulation.  The inhibition  induced by NaMBS was not altered 
by the electron carrier PMS, which would be highly reduced in 
the presence of metabisulfite, but  was overcome by introduc- 
tion of the oxidant TBOH. The  current  manipulated by inter- 
" 
Basal  FsWcpt PMS + 
-CAMP  TBOH 
FIG. 4. Inhibition of CETR C1- conductance by reduced pyri- 
dine nucleotides. PaneZA, representative  experiments  in 3T3-LCFSN 
cells dialyzed with regular pipette solution (Control) or with  pipette 
solution that contained  1.2 m NADPH or  1.2 mM NADH. The  holding 
voltage  was -40 mV, and  outward  current a t  60 mV was recorded every 
10 s. Additions  were  made  to the  bath  at  the  times indicated,  with the 
following concentrations:  forskolin, 25 PM;  CPT-CAMP, 0.5 mM; TBOH, 
2.5 m; PMS, 2.5 mM; DIDS, 0.5 m; I-, 75 m. Panel B, effect of 
reduced  pyridine  nucleotides on whole cell conductance of 3T3-LCFSN 
cells under basal conditions, during exposure to  forskolin (Fsk)  and 
CPT-CAMP and  during  exposure to  PMS  and TBOH. Pipette  solutions 
as described inpanel A. Control (n  = 9), NADPH ( n  = 71, NADH ( n  = 7). 
*Different  from  preceding period by paired  t  analysis  with  Bonferroni 
adjustment for multiple  comparisons ( p  < 0.05). nS, nanosiemens. 
actions between cytosolic pyridine nucleotides and  permeant 
reductants  and oxidants in  this  experiment was  inhibited by 75 
mM external I-. Data from similar experiments comparing 
NaMBS inhibition of forskolidCPT-CAMP-stimulated currents 
in cells dialyzed with normal  pipette solution or pipette solu- 
tion  containing NADP+ or NAD+ are  summarized as whole cell 
conductance in Fig. 5B. The  larger whole cell conductance re- 
corded with oxidized pyridine  nucleotides in  the  pipette  was 
more inhibited by the permeant reducing agent, suggesting 
that  the oxidized state of the pyridine nucleotides was impor- 
tant for CFTR-mediated C1- conductance. 
The single channel  basis of CFTR-mediated C1- conductance 
has been reported to be a 4-8 picosiemens, slowly gating  anion 
channel (15-18). We reasoned that modulation of CFTR-medi- 
ated whole cell conductance by permeant oxidants and reduc- 
tants should be paralleled by effects on single CFTR C1- chan- 
nels. In five of seven attempts in cell-attached membrane 
patches of 3T3 fibroblasts  expressing CFTR, forskolin and CPT- 
CAMP induced the  appearance of small, slowly gating  channels, 
similar  to  what  has been  reported for CFTR C1- channels  in 
other  studies (Fig. 6 A )  (15-18).  No channels were  activated by 
forskolin and CPT-CAMP in fibroblasts not expressing CFTR (n 
= 3, not shown). The mean current-voltage relationships for 
CAMP-dependent channels from cell-attached recordings in 
stimulated cells revealed no marked voltage dependence and a 
single channel conductance of approximately 6 picosiemens in 
the  range of -Vpipette from 10  to 60 mV (Fig. 6B) .  The zero 
current voltage was 22 mV with  45 mM C1- in  the  pipette  and 0 
mV with 155 C1- in  the  pipette,  indicating C1- selectivity  (Fig. 
6B) .  As reported previously, endogenous C1- channels were pre- 
sent  in both infected (Fig. 6C, all traces)  and uninfected cells 
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CFTR-expressing 3T3 fibroblasts by NADP+ and NAD+. Panel A ,  
FIG. 5. Modulation of cAMF"dependent C1- conductance in 
outward current in a 3T3-LCFSN cell dialyzed with 0.3 mM NAD'. 
Additions  were  made to  the  bath as indicated, at  the following concen- 
trations:  forskolin,  25 p ~ ;  CPT-CAMP, 0.5 m; TBOH, 2.5 mM; PMS, 2.5 
mM; NaMBS,  3 m. Bath  solution  was  replaced  a 50 m NaI  solution 
(final  nominal  concentrations  105 mM NaCI, 50 m NaI). Panel B,  whole 
cell conductance  under CAMP-stimulated conditions in CFTR-express- 
ing cells dialyzed  with  regular  pipette  solution (Control = no pyridine 
nucleotides, n = 5), with  0.3 m~ NADP+ ( n  = 7) or with  0.3 mM NAD+ ( n  
= 5). After steady-state stimulated conductance (solid bars) was re- 
corded,  NaMBS  was  added  to the  bath  at a  final  concentration of 3 m, 
and  a new steady-state  conductance  was  reached  within 3-8 min (open 
bars). *Different from forskolidCPT-CAMP value ( p  < 0.05). nS, nanosi- 
emens. 
(not shown and (23)), but  had a larger conductance, more rapid 
kinetics, and did not respond to CPT-CAMP (Fig. 6C).  Introduc- 
tion of permeant oxidants (PMSRBOH)  into  the  bath promptly 
increased  the activity of CFTR C1- channels  but did not affect 
the activity of an endogenous C1- channel  present  in  the  same 
patch (Fig. 6C, third and fourth  traces from top). The effect on 
CFTR C1- channels induced by PMSRBOH  was an increased 
open probability compared with forskolin and CPT-CAMP alone 
( p  < 0.05) (Fig. 6D). The addition of NaMBS partially reversed 
the  increase  in CFTR C1- channel open probability seen with 
PMSRBOH ( p  < 0.05) (Fig. 6C, bottom trace, and Fig. 6D).  
These single channel  studies generally parallel  the effects of 
redox agents on CAMP-dependent whole cell currents in CFTR- 
expressing cells and  thus  support  the  interpretation  that  in- 
tracellular redox potential  modulates  the CAMP-dependent C1- 
conductance mediated by CFTR. 
We explored whether pyridine nucleotide redox status af- 
fected currents other than CAMP-dependent C1- current by 
measuring  currents induced in fibroblasts by hypotonic swell- 
ing. A clone of CFTR-infected 3T3 cells which expressed small 
quantities of CFTR protein and no CAMP-dependent C1- con- 
ductance (45) was  used to  test  the effect of NADPH on non- 
CFTR-mediated conductances in fibroblasts. The presence of 
1.2 mM NADPH in  the  pipette solution  did  not affect  the whole 
cell current  stimulated by hypotonic (0.5 isotonic) shock (com- 
pare Fig. 7, A and B). MDR protein, an ATP-binding cassette 
protein  with a structure analogous to CFTR, was reported to 
mediate hypotonically induced C1- conductance (5, 6). In 3T3 
fibroblasts infected with a viral construct containing  the cDNA 
for MDR protein  (5,33) we found that  stimulation of whole cell 
currents by hypotonic shock was not affected by NADPH in  the 
A. 
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FIG. 6. Redox-sensitive activity of CAMP-dependent  CFTR C1- 
channels in 3T3 fibroblasts. Panel A, current recorded in a cell- 
attached  membrane  patch  during  exposure  to forskolin and CPT-CAMP. 
The pipette contained 45 m C1- and poorly permeant cations (see 
"Materials  and Methods"). The  potentials above each  trace  represent 
the  opposite of pipette  potential,  and  anion  channels  open  with down- 
ward deflections. To the right of each  trace, c represents  the closed state; 
numbers designate  the  levels of current  jumps. Panel B,  current  voltage 
relationships of anion  channels  activated by forskolin and CPT-CAMP in 
the cell- attached mode. Current jumps (Ai)  are plotted against the 
opposite of pipette  voltage (-Vp,p,,,,). The  pipette  contained  155 mM C1- 
(closed  squares) or 45 m C1- (open  circles). Positive  current  represents 
C1- entering  the cell. Each symbol and bars represent  the  mean 2 S.E. 
of four  to  seven  separate  experiments.  Lines were fit by polynomial 
regression to  the  mean  data. Panel C, recording from a  cell-attached 
membrane  patch of a  3T3  fibroblast-expressing CFTR. After  gigaohm 
seal  formation,  the  pipette  current  was  monitored  at  30 mV (pipette 
potential).  The  pipette  contained 45 m C1- and no permeant  cations, 
and upward current jumps represent C1- entering the pipette. The 
experimental  condition  is  printed at the top left of each  trace,  and  the 
running  time  in  the  experiment  is  printed  beneath  the  beginning of 
each  trace. In the  trace  labeled Basal, 1 denotes  a  fast,  upward  opening 
anion  channel, whose activity  is  unaffected by subsequent  additions to  
the  bath solution.  The  trace  labeled Fsk ICPT-CAMP shows the  last 100 
s of exposure to forskolin and CFT-CAMP alone. (2) denotes  a  small, 
slowly gating  channel  that  appeared  with forskolin/CF"I-cAMP expo- 
sure.  PMSmBOH  was  added a t  460 s and caused the  immediate  ap- 
pearance of two  small  anion  channels  that could each open for many 
seconds. At 725 s NaMBS  was  added to  the  bath  and ecreased the open 
probability of the  small slow anion  channels. Panel D ,  open probability 
( P o )  during  unstimulated  cell-attached  recording  and  then  in  the  pres- 
ence of forskolin (Fsk) and CPT-CAMP, and  with  PMSRBOH or with 
NaMBS. Bars represent the mean f S.E. of Po calculated from five 
experiments  carried  out  with  the protocol illustrated  in panel C. Po was 
calculated by a 50% threshold  method,  assuming that  the maximum 
number of channels  observed  was  present  throughout  with an equal 
and  independent  probability of opening.  Each  entire  experiment  was 
analyzed  for Po, a  total of 1,075 s for basal,  1,415 s for forskolin and 
CPT-CAMP, 1,155 s for PMSmBOH,  and 835 s for NaMBS. *Different 
from preceding period ( p  < 0.05, paired t analysis with Bonferroni 
adjustment for three  comparisons). 
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2 min 
FIG. 7. Effects of NADPH on swelling-induced whole cell cur- 
rents. Panels A and B, representative whole cell current  traces  from 
CFTR-expressing  fibroblasts  dialyzed  with  a  K+-rich  buffer (in d i t e r :  
KCl, 110; MgCl,, 2; and  TES, 5 (pH  7.2),  and MgATP, 3. Ca2+  activity 
was buffered to -40 n~ (1.0 m~ EGTAand  0.1 mM CaCl,)). After  steady 
state  the  bath  was  diluted by 50% with  a  solution of 2 mM MgCl,, 1 m~ 
had no pyridine  nucleotides in  the K+-rich pipette  solution. Panel B ,  1.2 
CaCl,, and 5 mM TES  to  induce  a swelling current. Panel A, the control 
mM NADPH in  the K+-rich  pipette  solution. Panel C ,  increment  in whole 
cell conductance  induced by hypotonicity (0.5 isotonic)  was  measured in 
fibroblasts  expressing  the MDR protein,  either  in  the  absence  (control) 
or presence of 1.2 mM NADPH in  the K+-rich buffer pipette solution 
described  in panel A ( n  = 5-6 in  each  group). nS, nanosiemens; p F ,  
picofarad. 
pipette (Fig. 7B) .  Thus, modulation of CAMP-dependent C1- 
current by NADP redox status is a characteristic of CFTR- 
mediated C1- conductance  not shared by other conductances in 
fibroblasts. 
Under  the conditions of our experiments, i.e. high levels of 
CFTR expression, constant 3 mM ATP, and  permeant CAMP, the 
only protein elements known to be required for CAMP-depend- 
ent activation of CFTR-mediated whole cell C1- currents  are 
CFTR and endogenous  protein kinase A.  To determine if redox 
potential could affect the function of protein kinase A,  we ex- 
amined  the protein kinase A-mediated  incorporation of 32P into 
histone in reaction mixtures  that contained oxidized or reduced 
nucleotides. As summarized  in Fig. 8, neither reduced  nor oxi- 
dized pyridine nucleotides had significant effects on protein 
kinase A  function. 
DISCUSSION 
In  sweat  ductal  and  airway  epithelia, apical membrane C1- 
conductance has been reported to diminish under conditions of 
metabolic inhibition. Apical membrane C1- conductance is tra- 
ditionally modeled as a process with the  characteristics of pas- 
sive ion diffusion, so the  apparent metabolic dependence of C1- 
conductance was unpredicted. CFTR has been identified as  the 
epithelial CAMP-dependent C1- conductance. CFTR has con- 
sensus nucleotide binding sites which have been proposed to 
bind or hydrolyze ATP, and ATP concentration at the cytosolic 
membrane surface has been implicated in the regulation of 
CFTR C1- conductance in  sweat  ductal  epithelium  and  gating of 
CFTR channels  in excised membrane patches (7, 8). Intracel- 
lular ATP concentration has been proposed to couple apical 
membrane C1- conductance to metabolic state.  In  the  present 
study, however, we clamped intracellular ATP a t  a physiologic 
concentration and found that  variation of pyridine nucleotide 
redox potential affected CFTR C1- conductance. When three 
diverse cell types that expressed CFTR were dialyzed with 
reduced pyridine  nucleotides, CAMP-dependent C1- current 
was  diminished. Conversely, during dialysis of CFTR-express- 
ing cells with oxidized pyridine nucleotides, basal currents 
1000 1- 
FIG. 8. Protein kinase Aactivity under oxidizing and reducing 
conditions. Protein  kinase  A  activity  was  measured as the ability  to 
phosphorylate  histone IIA in vitro in  the presence of a 1 m~ concentra- 
tion of each of the following oxidizing and  reducing  agents: no addition, 
NADP', NADPH, NAD+, and NADH. 
were larger,  and  the responses of CFTR-mediated C1- currents 
to CAMP were enhanced. Because ATP concentration is not 
expected to  have changed during  these  experiments,  the  results 
show that redox potential chemically clamped by NAD(P)H and 
NAD(P)+ modulates CFTR C1- conductance. 
Several observations confirmed that the C1- currents af- 
fected by pyridine  nucleotides in CFTR-expressing cells were 
indeed mediated by CFTR. First,  the  currents of uninfected 
cells of epithelial, nonepithelial, and insect  origin, which dem- 
onstrated no CAMP-dependent C1- current, were unaffected by 
dialysis  with oxidized or reduced nucleotides or by exposure to 
permeant oxidants and reductants. Second, the C1- currents 
activated by CAMP in CFTR-expressing Sf9, CFT1, and 3T3 
cells exposed to  intracellular oxidized pyridine nucleotides 
were  DIDS-insensitive and were inhibited by external I-, two 
important  characteristics of CAMP-dependent C1- currents me- 
diated by CFTR. Most definitively, we recorded single CFTR 
C1- channels  in cell-attached membrane patches of 3T3 cells 
expressing CFTR and found that  the activity of these  channels 
was  modulated by permeant oxidants and  reductants  in a way 
that  was consistent  with the modulation of whole cell C1- con- 
ductance. 
The mechanism by which the redox status of intracellular 
pyridine  nucleotides affects CFTR C1- conductance is un- 
known. Under  the conditions of our experiments, CFTR and 
protein kinase A are  the only proteins  with well established 
roles  in the activation of CAMP-dependent C1- conductance (3). 
Required soluble reactants, i.e. ATP and CAMP, were provided 
exogenously, and we determined that redox potential clamped 
by pyridine nucleotides had no effect on the ability of protein 
kinase A to phosphorylate  histone. Other regulatory proteins 
known to interact with CFTR, such as protein kinase C  (35), 
cGMP-dependent kinase (361, and protein phosphatases (161, 
do not require pyridine  nucleotides as cofactors. Thus, modu- 
lation of CAMP-dependent C1- currents by cytosolic NADP)/ 
NAD(P)H could be explained by reversible regulation of the 
CFTR protein  itself. Perhaps more plausible, however, is  the 
possibility that CFTR may interact with proteins not yet  iden- 
tified but nonetheless important for CAMP-activated c1- con- 
ductance, such as cytoskeletal  elements. Either  the function of 
such putative  proteins or their possible interactions with CFTR 
could be influenced by pyridine nucleotide redox potential. 
The differential effects of NAD and NADP on CFTR C1- 
conductance function may allow some speculation as to the 
nature of the  mechanism(s) by which pyridine  nucleotides  af- 
fect CFTR. Although NADH, like NADPH, inhibited  activation 
of CFTR C1- conductance by CAMP, inhibition by NADH was 
not as complete and was not reversed by permeant oxidants. 
Moreover, whereas cells dialyzed with NAD+ very consistently 
responded to forskolin and CPT-CAMP with characteristic 
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CFTR C1- conductance, the  largest responses occurred in cells 
dialyzed with NADP’. It  is  not uncommon for proteins  to ex- 
hibit  different  relative affinities for reduced and oxidized forms 
of NADP and NAD. For example, the  order of affinities for 
pyridine  nucleotide  binding to  catalase  is NADPH > NADH > 
NADP’ > NAD’ (44). Thus, tight binding of NADPH to CFTR, 
or a CFTR-associated protein, can be speculated to favor a 
CFTR conformation that is not  activated by cAMP-dependent 
phosphorylation, whereas NADH may have a weaker binding 
affinity for the same site. Dialysis of CFTR-expressing cells 
with high concentrations of reduced nucleotides would then 
account for the inhibition of CFTR which we observed. Under 
the oxidized conditions imposed by dialysis  with NADP+, or by 
exposure of NADPH dialyzed cells to  permeant  oxidants, 
NADPH bound to CFTR would be displaced by or converted to 
NADP’, relieving  NADPH-mediated  inhibition of  C1- conduct- 
ance. NADH dialysis may  mediate inhibition of CFTR which 
cannot be reversed by exposure to  permeant oxidants  because 
this maneuver would convert a portion of NADH to NAD’, 
speculated to be the  least avidly bound nucleotide and  perhaps 
unable  to compete with NADH for binding. 
Alternatively, the  greater effectiveness of the NADPW 
NADP+ couple may indicate  that redox modulation of CFTR C1- 
conductance is mediated  through  the activity of enzymes that 
prefer NADPH over NADH. This specificity is a characteristic 
of enzymes, such as glutathione  S-transferase,  glutathione  re- 
ductase,  and  protein disulfide  isomerase, which utilize the typi- 
cally highly  reduced status of NADPH to  maintain protein cys- 
teines  and free intracellular  glutathione  in a reduced state (10). 
Although CFTR has 17 cysteines, 12 of which are highly con- 
served among CFTRs from different species (human,  rat, 
mouse, dogfish) (37-39), biochemical analyses of CFTR have 
not identified high molecular weight species that could be ex- 
plained by intermolecular disulfide bond formation between 
CFTR molecules. Nonetheless,  functional data routinely show 
that CFTR C1- channels  appear  in  clusters (17) or exhibit co- 
operative gating  patterns referred to as “wavelike” behavior 
(40,  41). Such observations  strongly  suggest that CFTR asso- 
ciates  with itself  and/or with cytoskeletal or other components 
in functioning as a C1- channel.  Similar functional interactions 
of other ion channel  proteins  have been shown to be sensitive  to 
redox potential, even when not due  to formation of disulfide 
bonds (42). 
The concentration of free  pyridine  nucleotides to which en- 
dogenous CFTR is normally exposed in  intact, secretory epi- 
thelia is not well established.  In a variety of rat tissues  the  total 
concentration of NADPH + NADP’ is  in a range of 200 p ~ ,  and 
the  ratio NADPWNADP’ is more reduced than oxidized, 
whereas  the  tissue concentration of NADH + NAD’ is approxi- 
mately 500 p ~ ,  and NADWNAD’ is more oxidized than re- 
duced (43). Values for NADP within  this  range were found in 
red blood cells (44) and  in  cultured  airway  epithelial c e k 2  The 
actual concentrations of reduced and oxidized pyridine nucle- 
otides free in the cytosol are lower still but are difficult to 
predict  because of tight protein  binding and uneven distribu- 
tion among cellular compartments (34). We selected  concentra- 
tions of NAD(P)H (1.2 mM) and NAD(P)+ (0.3 mM) which exceed 
likely physiologic concentrations to make a clear comparison 
between the effects of reduced and oxidized pyridine nucleo- 
tides on CFTR C1- conductance function. The metabolic rate 
and  the  ratio f  ATP to ADP within cells are  related  to pyridine 
nucleotide redox status,  such  that a low  ATP/ADP ratio caused 
by inhibition of oxidative metabolism is coincident with more 
reduced ratios of cytosolic free  pyridine  nucleotides (9). Con- 
H. N. Kirkman,  personal  communication. 
versely, more oxidized ratios of cytosolic free  pyridine nucleo- 
tides  arise from a high metabolic rate  and high ATP/ADP ratio. 
The observation that CFTR-mediated, CAMP-dependent C1- 
conductance  was  modulated by NAD(P) redox status suggests 
that  the reduced cytosolic redox potential in  airway epithelia 
exposed to anoxia or NaCN might  contribute  to  the inhibition of 
CAMP-dependent C1- conductance (1). 
Metabolic regulation of CFTR-mediated C1- conductance has 
been proposed as an important mechanism by which active 
fluid  secretion is coupled to  the metabolic status of epithelial 
tissues. Quinton and Reddy (8) found recently that CFTR-me- 
diated C1- conductance is  regulated by intracellular ATP  con- 
centration. Our results suggest that  variations  in NAD(P) re- 
dox status expected to occur with different metabolic states 
could contribute  to metabolic regulation of CFTR C1- conduct- 
ance. Understanding  the  mechanism(s) by which intracellular 
pyridine nucleotides regulate CFTR-mediated CAMP-depend- 
ent C1- conductance could provide new insights  into  the func- 
tions of CFTR and new ideas for pharmacological therapeutic 
approaches to  the  treatment of cystic fibrosis or other diseases 
involving CFTR. 
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